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Peristaltic flow of urine in the renal papillary collecting ducts of
hamsters. Urine movements in the papillary collecting ducts were
studied visually, in vivo, through the intact renal pelvic wall in
anesthetized (mactin 150 mg/kg) hamsters having a normal range of
urine flow rates (0.5 to 3.8 .d . min' 100 g of body wt). Urine was
given a contrasting color by a continuous i.v. infusion of lissamine
green (0.5 to 2%) in saline. The lower renal pelvis with about 1.3 mm of
the renal papilla was illuminated with a fiber optic light, and the
movements of urine in the medullary collecting ducts were observed
and filmed through a dissecting microscope. Urine flow was determined
indirectly by measuring changes in the urinary bladder diameter, and
the rate of urine formation was manipulated by changing the rate of
lissamine green-saline infusion. Urine, propelled by pelvic peristaltic
waves, moved as discreet boluses in a pulsatile fashion through the
papillary collecting ducts. The length of the urine boluses and the
percent of time the papillary collecting ducts were in contact with urine
increased in direct proportion to urine flow. At the lowest urine flow
rate, the papillary collecting ducts (at 1 .0 mm from the tip) were empty
94% of the time. The velocity (1.6 0.1 mm sec') and frequency
(12.6 0.5 contractions min) of the pelvic peristaltic waves were not
related to urine flow rate. The renal pelvic contractions were also
observed to cause discontinuous blood flow in the vasa recta. In the
context of Stephenson's mass balance equation for the concentration
ratio of the kidney, the discontinuous fluid movements imposed by the
renal pelvis may result in an increased urine concentrating ability.
Ecoulement peristaltique de I'urine dans le canal collecteur papillaire
du rein de hamster. Les mouvements de l'urine dans les canaux
papillaires ont été étudiés par l'inspection in vivo a travers Ia paroi
pyelique intacte chez des hamsters anesthésiés (mactine 150 mg/kg)
pour un éventail normal de debits urinaires (0,5 a 3,8 l min' 100 g
de poids corporel). L'urine a eté colorée en permanence par une
perfusion continue de vert de lissamine (0,5 a 2%) dans du chlorure de
sodium isotonique. La partie inferieure du bassinet et environ 1,3 mm
de papille rénale ont été illumines avec une fibre optique et les
mouvements de l'urine dans les canaux collecteurs médullaires ont été
observes et filmés au moyen d'un microscope de dissection. Le debit
urinaire a été déterminé indirectement par Ia mesure du diamètre
vCsical et Ic debit d'urine a Cté module au moyen du debit de perfusion
du vert de lissamine dans du chlorure de sodium. L'urine, propulsée par
les ondes peristaltiques du bassinet, se déplace sous Ia forme de petits
embos d'une facon pulsatile dans les canaux collecteurs papillaires. La
Iongueur de ces embols d'urine et Ia fraction du temps pendant lequel
les canaux collecteurs papillaires sont au contact de I'urine augmentent
en fonction du debit urinaire. Aux plus faibles debits urinaires les
canaux collecteurs (a 1 mm de I'extrémité) sont vides pendant 94% du
temps. La vélocité (1,6 0,1 mm sec1) et Ia frequence (12,6 0,5
contractions min) des ondes peristaltiques pyéliques ne sont pas liées
au debit urinaire. Les contractions pyeliques déterminent aussi un
écoulement discontinu du sang dans les vasa recta. Dans le contexte de
I'équation de Stephenson pour le pouvoir de concentration du rein, les
mouvements discontinus de liquide imposes par Ic bassinet puissent
avoir pour consequence d'augmenter Ia capacite de concentration de
l'urine.
Removal or disruption of the renal pelvis and ureter is a
common and often necessary procedure that is used during
micropuncture and microcatheter studies of papillary collecting
duct function. During this type of study, it is seen that the
collecting ducts remain full and that the flow of urine in the
collecting ducts is continuous. A logical consequence of these
observations is the assumption that the velocity of the urine
movement in papillary collecting ducts is directly proportional
to urine flow rate.
A small amount of information, however, suggests that
continuous urine flow in the medullary collecting ducts is not a
physiologic event. As early as 1872 Henle hypothesized that the
muscular contractions of the renal pelvis have a milking action
upon the papilla, a concept later disputed by Narath [1]. More
recent observations in hamsters [2] and in rats [3] suggest
pulsatile flow of urine in the papillary collecting ducts. In these
studies, the collecting ducts were continuously full, but because
of disruption of the renal pelvis, the actual movements of urine
that reflect physiologic conditions are uncertain.
In preliminary studies, in which the renal pelvis was left
intact [4, 5], it was noted that the flow of urine in the papillary
collecting ducts of hamsters and rats was discontinuous and
that in antidiuretic animals, fed a low protein diet, the collecting
ducts were empty most of the time. It was further noted
(Schmidt-Nielsen and Churchill, unpublished) that the average
time the collecting ducts were in contact with urine (contact
time) was shorter in antidiuretic, low-protein hamsters than it
was in diuretic hamsters fed a normal diet. However, the
contact time was also found to vary with the urine flow rates,
and it was not clear if contact time was determined by urine
flow rate alone or by both flow rate and diet.
The present study was designed to characterize the nature of
urine movements in the papillary collecting ducts when the
renal pelvis was intact and to determine the relationship of
these movements to diet and urine flow rate.
Methods
Experiments were conducted on 19 male Syrian hamsters
(mean body wt, 85.4 g; range, 73 to 103 g) purchased from
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Telaco, Inc. (Bar Harbor, Maine). A limited number of experi-
ments were also conducted on 5 Munich Wistar rats (body wt,
70 to 90 g) and on 2 kangaroo rats (Dipodomys merriami; body
wt, 40 g). All animals were fed either a standard rodent chow
(Jackson Lab. #96, 21.3% protein) or a low protein diet (Zeigler
Bros. Inc. NIH 104-76, 8% protein); 16 to 20 hours prior to
surgery, water was withheld from the experimental animals.
Ten of the hamsters were fed the low protein diet for approxi-
mately 5 weeks. This protein deprivation regime was probably
quite effective, because hamsters fed the same low protein diet
in our laboratory show a decrease of about 500 m in urine urea
concentration after 3 weeks.
Surgical protocol has been described in detail elsewhere [5].
Briefly, the hamsters were anesthetized with a single i.p.
injection of mactin (150 mg kg of body mass) and were
placed on a temperature-regulated operating table. To produce
a brightly colored urine in the animals, we continuously infused
them with an isosmotic lissamine green-saline solution through
the right external jugular vein. Following an abdominal incision,
the intestines were deflected and covered with tissue paper
soaked in mineral oil. The right kidney was isolated from
respiratory movements by a plastic shield, which pressed
against the liver and diaphragm, and the lower renal pelvis with
about 1.3 mm of papilla was cleared of surrounding fat and
illuminated with a fiber optic light.
After surgery was completed (approximately 60 mm after
anesthesia), the pelvic contractions and the movements of urine
in the papillary collecting ducts were observed through a Leitz
Stereoplan microscope (magnification, x 12.5 and x 50). For
the duration of the experiment (approximately 90 additional
mm), the pelvic contraction rate and the percent of time the
papillary collecting ducts were in contact with urine (percent
contact time) were monitored. Percent contact time was defined
as that percent of a total time period during which urine was
present in the papillary collecting ducts at a point 1.0 mm from
the papilla tip, These times were measured directly with stop-
watches having "continuous" and "time-out" functions. The
percent contact time and the pelvic contraction rate were
determined two to five times during any given period of
constant urine flow rate. A 16-mm Bolex camera fitted to the
microscope was used to record portions (30 to 120 sec) of each
experiment. At a later time, the velocity of urine movements
and the percent contact time were determined by a frame-by-
frame analysis of the films on a flat-bed movie editor (Magna-
sync/Moviola). Measurements of the percent contact time by
film analysis were used primarily to check the accuracy of the
direct measurements. Contact times determined by these two
methods were in close agreement.
Direct measurement of urine flow by bladder or ureter
catheterization has proved to be impractical in the hamster [5].
These invasive techniques resulted in excessive bleeding, cath-
eter blockage, and retrograde movement of urine into the renal
pelvic space. In this study, measurement of bladder diameter
with a vernier caliper at timed intervals (10 + mm) provided a
method for indirectly determining the rate of urine production.
These measurements were then translated into urine volume on
a calibration curve (Fig. 1). The relationship shown on this
curve had been previously determined by measuring bladder
diameter after injecting known quantities of saline into the
urinary bladders of anesthetized hamsters (N = 7) with a
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Fig. 1. Calibration curve used to translate bladder diameter measure-
ments into bladder urine volu,ne. Data for this curve were obtained by
injecting known quantities of saline into the urinary bladders of 7
hamsters (body mass, 84 to 93 g) followed by measurement of bladder
diameter with a vernier caliper.
micrometer buret. The rate of urine formation was manipulated
by altering the infusion rate (2 to 50 i.&i ' mm ) with
appropriately diluted lissamine green solutions (0.5 to 2%). To
obtain the lowest urine flow rates in the normal protein ham-
sters, we starved and dehydrated the animals for 18 hours prior
to the experiment. After changing the infusion rate, about 50
mm were allowed for a new steady state to be achieved.
The significance of difference between means was deter-
mined by Students t test, and the relationships between urine
flow, percent contact time, velocity and frequency of contrac-
tion were compared by linear regression.
Results
Observations through the intact renal pelvic wall showed that
urine moved as discreet boluses, in a pulsatile manner through
the papillary collecting ducts (Figs. 2 and 3). At urine flow rates
greater than 2 uI ' min ' 100 g body wt, the urine boluses
were much longer than the visible papilla, and the linear
velocity of the leading edge of the band of color moving down
the papilla (measured 1.0 mm from the tip) was approximately
¼ to 'A of the velocity of the trailing edge. As the leading edge
advanced, individual collecting ducts darkened, suggesting an
increase in lumen diameter. Measurements made on the movie
film frames showed that individual collecting ducts filled and
reached maximum diameter within 0.3 to 0.4 sec. Unlike the
trailing edge, the leading edge of the color front was uneven,
indicating that all collecting ducts did not fill simultaneously.
The difference in the velocities of the leading and trailing edges
of the urine boluses, seen at these urine flows, suggests that at
least two separate forces are responsible for propulsion of fluid
through the papillary collecting ducts. At low urine flow rates
(< 1 uI 'min ' 100 g body wt'), urine boluses were short (s
length of the visible papilla), and the velocities of the leading
and trailing edges were equal.
When the renal papilla was lighted from above, observations
on fluid movements could be made only on superficial collect-
ing ducts, and the flow in deeper collecting ducts could not be
seen. Placing the fiber optic light against the fat under the
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Fig. 2. Movement of a urine bolus through the renal papilla of a 103-g hamster at a urine flow of 1.86 lmin' 100 g' (contact time, 51.2% at 1000
ii.m from the papilla tip). The intact pelvis and ureter are outlined at 0 sec. A small amount of urine clings to the tip making it visible in each frame
(see arrow). Urine in the collecting ducts is seen as a dark green shadow. At 0 sec, the leading edge of the urine bolus is at the top of the visible pa-
pilla. Urine slowly fills the collecting ducts (0 to 3.3 sec) and then begins to stream down the ureter at 3.3 sec. Between 4.2 and 5.0 sec, the rapid
peristaltic wave forces urine out of the collecting ducts and causes the papilla tip to recoil about 200m (5.0 sec). At 5.0 sec, the collecting ducts are
already beginning to fill again. (Magnification, x 25)
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Fig. 3. Movement of a urine bolus through the renal papilla of a 97-g hamster at a urine flow of 0.60 p) mm 'ioo g (contact time, 16.7% at 1000
p.m from the tip). As above, the pelvis and ureter are outlined. At this urine flow, the urine bolus is short, and the trailing and leading edges of the
urine bolus move at similar velocities. The collecting ducts are full at 0.8 sec, and the peristaltic wave forces the urine out of the papilla between 0.8
and I .7 sec. From 1.7 to 5.0 sec, the papillary collecting ducts remain empty. (Magnification, x 25)
papilla, so that reflected light shone through the papilla, made
the urine-filled collecting ducts within the papilla appear as dark
green bands. Movements of these bands were identical to
movements of fluid in the superficial collecting ducts. During
periods when the superficial papillary collecting ducts were
empty, we also observed that urine flow in the ureter stopped,
indicating that flow had ceased in all collecting ducts.
The peristaltic wave that moved down the pelvis originated
above the visible portion of the papilla, occurred at a frequency
of 12.6 (sEM) 0.5 contractions min' (N = 24 observation
periods) and moved at a mean velocity of 1.58 0.08 mm sec'
(analysis of 13 film records). During contraction of the pelvic
wall, the papilla became visibly narrowed, which resulted in
discontinuous or even retrograde movement of blood in the
vasa recta. On the basis of the above velocity and frequency,
we determined that the renal pelvis in the viewing field (1.3 mm)
was relaxed for about 83% of the time. In a few experiments the
pelvis was removed. In these cases a continuous, nonpulsatile
flow of fluid was observed in the papillary collecting ducts and
vasa recta.
Neither the velocity nor frequency of the trailing edge of the
urine boluses (that is, rate or frequency of peristaltic wave
propagation) were related to urine flow rate (Figs. 4 and 5).
Changes in urine flow resulted only in changes in the length of
the urine boluses in the papillary collecting ducts. Thus, the
measured percentage of time the papillary collecting ducts were
in contact with urine was directly related (P < 0.01) to rate of
urine flow (Fig. 6). No difference was found for this relationship
between the animals fed normal or low protein diets (t test for
parallelism, P> 0.60). Also, no differences were noted between
the two groups for mean frequency (F> 0.90) or mean velocity
(P> 0.10) of bolus propagation.
Qualitatively similar observations were made on the Munich
Wistar rats and Dipodomys collecting ducts. Urine movements
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Fig. 4. Velocity of the pelvic peristaltic wave (that is, velocity of trailing
edge of urine bolus) vs. urine flow. These two variables are not
significantly correlated. Average velocity was 1.58 0.08 mm'sec'.
in the papillary collecting ducts were pulsatile and, with in-
creasing infusion rate, urine boluses and contact time in the
collecting ducts increased in length.
Discussion
The results of these experiments showed a direct linear
relationship between the contact time of urine in the papillary
collecting ducts and the urine flow rate in nondiuretic rodents.
No significant difference was noted between hamsters fed
normal or low-protein diet, which indicates that urine flow rate
is the major factor in determining contact time in papillary
collecting ducts.'
The urine movements that we observe in the papillary
collecting ducts of the hamsters are quite similar to the familiar
and well-described peristaltic urine movements seen in the
ureters of mammals [6—9]. In both the ureter and papillary
collecting ducts of the rodents used in this study, urine moves
as discreet boluses and is propelled by peristaltic waves that
occur at regular time intervals. As in the ureter, only the length
of the urine bolus in the papillary collecting duct changes with
increasing urine flow; the frequency and velocity of the peristal-
tic waves are unrelated to urine flow over normal ranges.
The musculature in the wall of the human renal calyx (the
equivalent structure to the rodent renal pelvis) is similar to that
of the ureter although the calyx contains two rather than three
smooth muscle layers [9, 10]. In the calyx and ureter, longitudi-
nal as well as left and right interwinding bundles are present.
We assume that in the hamsters the smooth muscle present in
the lower part of the renal pelvis, surrounding the papilla [111,
has a similar organization (at least two layers of smooth
'Thus, the original observation of lower contact time in antidiuretic
low-protein hamsters, compared with antidiuretic normal protein ham-
sters, was due to a lower urine flow in the low-protein animals, caused
by the lower solute load to be excreted. The same low urine flow rates
could be obtained in the normal protein animals simply by depriving
them of food for 18 hours.
1 2 3 4
Urine flow, p.Imin1OOg-'
Fig. 5. Frequency of the pelvic peristaltic wave vs. urine flow. There is
no significant relationship between these parameters.
Urine flow, pI'min—' 100g1
Fig. 6. Relationship between percent of time the papillary collecting
ducts were in contact with urine and rate of urine flow. The correlations
shown are significant (P < 0.01); but no significant difference (P > 0.60)
exists between the low-protein and normal-protein diet groups (com-
bined data: V = 4.54 + 20.85x; N = 25; r = 0.88; P < 0.01).
Measurements of the percent contact time were made at a point 1000
m from the papilla tip.
muscles) that would be quite consistent with the observed
milking action of the papilla by the pelvic wall.
Our observations suggest that the papillary collecting ducts
contained little or no urine for substantial periods of time.
At the lowest urine flow rates measured in this study (0.52
pl'min 100 g body wt'), the papillary collecting ducts were in
contact with urine for only 6% of the time, Presumably, fluid
and solute exchange across the papillary collecting duct epithe-
hum was disrupted for 94% of the time at this urine flow. Our
observations also show that the urine bolus is propagated
through the collecting ducts at an unexpectedly rapid rate. The
mean velocity of 1.58 mmsec' for the trailing edge of the urine
bolus is approximately five times the reported velocity of the
erythrocyte movement in the vasa recta of rats during antidiure-
sis [12].
It is possible to compare the relative velocities of the tubular
fluid during peristaltic and continuous flows, if the diameter of
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the collecting ducts is the same under these two conditions
(Schmidt-Nielsen and Reinking, submitted for publication). In
any cross-section of the papilla, the average linear velocity of
the lumenal fluid in the collecting ducts is directly related to
fluid flow rate and inversely related to the total lumenal cross-
sectional area and the fractional contact time (f). Thus, at the
lowest urine flow rate measured in this study, the average linear
velocity of fluid movement 1.0mm from the papilla tip was 16.7
times greater (that is, l/ft or 1/0.06) than expected during
continuous flow (that is, f = 1).
Previous assumptions based on continuous flow in the col-
lecting ducts would predict a greater velocity at higher urine
flow rates. This is not true of discontinuous flow. At low urine
flow rates, the mean velocity of the entire urine bolus in the
papillary collecting ducts was approximately equal to the veloc-
ity of the trailing edge (1.58 mm.sec). At higher urine flow
rates, however, the velocity of the leading edge (as measured
1.0 mm from the tip of the papilla) was only '/4 to 1/3 of this
velocity. This means that the average linear velocity of the
urine bolus moving through the papillary collecting ducts is
lower at higher rates than it is at lower urine flow rates, a
finding exactly opposite to what one would expect if the flow
through the collecting ducts were continuous.
It is well known that removal of the renal pelvis results in a
substantial decrease in the concentrating ability of the kidney
[13, 14], and this fact has suggested a role of the renal pelvis in
the urinary concentrating mechanism. Accordingly, it has been
hypothesized that solutes are recycled to the medullary intersti-
tium from urine, contacting the renal papilla after it leaves the
ducts of Bellini [13, 15—171.
An additional explanation for the decrease in urine osmolality
following pelvic removal may be that the milking action of the
papilla enhances processes that increase urine osmolality. The
discontinuous blood flow observed in the vasa recta and the
pulsatile urine flow in the papillary collecting ducts can be
viewed in terms of Stephenson's mass balance equation for the
kidney concentration ratio [18]:
r =
f1•(l - f)•(l - f)
where r is the ratio of osmolality at the papilla tip to plasma
osmolality, f1 is the fractional net solute transport out of the
ascending limb of Henle's loop, f is the ratio of urine flow at
the papilla tip to the sum of flows in collecting ducts and
ascending limbs of the loops of Henle at the papilla tip, and f is
the fraction of net solute transported out of the ascending limb
of Henle's loop that is wasted by the vascular washout.
As the pelvis contracts and constricts the papilla, blood flow
in the vasa recta temporarily stops, and hence equilibration
time across the vasa recta increases. Thus, the solute washout
by the ascending vasa recta (f) should decrease, and the net
effect is an elevation of the concentration ratio. The findings of
Chuang et al [14] are of interest in terms of this hypothesis. In
experiments using '251-albumin accumulation as a marker of
plasma flow, these authors found that removal of the renal
pelvis resulted in a decreased concentrating ability and an
increased labeled albumin accumulation in the papilla, which
suggested an increased papillary plasma flow. Although these
investigators proposed that the concentrating defect and rise in
papillary plasma flow that develops following pelvic removal
was mediated by prostaglandin release, it is also quite possible
that these changes occur when vasa recta blood flow is no
longer interrupted by renal pelvic contractions.
Following passage of the peristaltic wave, blood flow re-
sumes, but the collecting ducts remain empty before refilling
and, for a period of time, there is no urine flow at the papilla tip.
At the same time, flow should continue in the ascending limbs
of the loops of Henle because the pelvis is relaxed (for over 80%
of time in our visual field). Hence, f = 0, and again the
concentration ratio is elevated. This proposed cycle then re-
peats on each contraction.
Pelvic contractions conceivably affect the urinary concentrat-
ing mechanism in other ways, including generation of hydro-
static pressure in the renal interstitium and tubules and by the
imposition of discontinuous fluid flow in Henle's limbs and in
the papillary interstitial spaces. The implications of these
possible effects are difficult to assess at this time.
Conclusion. We have demonstrated the peristaltic nature of
fluid movements in the papillary collecting ducts and have
shown that the contact time between collecting ducts and urine
is directly proportional to urine flow. Furthermore, we have
observed the blood flow in the vasa recta to be discontinuous.
We hypothesize that a portion of the ability of the mammalian
kidney to concentrate urine may be due to the mechanical
actions of the renal pelvis upon the papilla.
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